The lignostilbenedioxygenase isozyme I and III genes, lsdA and lsdB, were coexpressed within the same Escherichia coli cells. The lignostilbenedioxygenase isozymes produced were separated on QAE anionexchange column chromatography. Three parts of active fractions corresponding to , , and dimers were detected. The purified isozyme from second active fractions corresponded to the native heterogeneous isozyme II.
Sphingomonas paucimobilis TMY1009 has been isolated from pulping-waste sludge. 1, 2) This strain degrades various kinds of lignin model dimers. Lignostilbenedioxygenases (LSDs) are the key enzymes in the catabolic pathways of diarylpropane and phenylcoumarane type models by S. paucimobilis TMY1009. [3] [4] [5] At least four isozymes have been found, purified to homogeneity, and characterized, only from S. paucimobilis TMY1009. 6, 7) Although all LSD isozymes, I, II, III, and IV, cleaved the inter phenyl double bonds of lignostilbenes, they showed different substrate specificities. Their specific activities for 4,4 0 -dihydroxy-3,3 0 -dimethoxystilbene were 600, 170, 110, and 110 mkat/g, and those for 4,2 0 -dihydroxy-3,3 0 -dimethoxy-5 0 -(2 0 -carboxyvinyl)stilbene were 15, 110, 250, and 150 mkat/g respectively. 6, 7) They are considered to be composed of two , and , two , and two subunits respectively. All subunits showed the same molecular weights, about 55,000, on SDS-PAGE. Only LSD-II is thought to be heterogeneous dimer. Previously we reported the cloning and expression of the gene encoding subunit (lsdA) 8) and subunit (lsdB). 9) Besides these, the homolog of lsdA was detected adjacent to ligI, encoded 2-pyron-4,6-dicarboxylic acid hydrolase, from S. paucimobilis SYK-6.
10) The function of this homolog is unknown. This study provides experimental confirmation that and subunits from lsdA and lsdB indeed produce the heterogeneous dimer (LSD-II) in Escherichia coli cells, and that LSD-II is not an artificial, denatured product, through the extraction and purification steps.
The 4.2-kb BamHI-HindIII fragment of pKHE1700 9) (lsdB) was re-cloned into plasmid pSTV28 digested with same restriction endonucleases to yield plasmid pKTVE1700. Plasmid pUC and pSTV were compatible. Plasmids and restriction endonucleases and T4 DNA ligase were purchased from Takara Shuzo (Kyoto, Japan). The three transformants of E. coli MV1184, having only lsdA (pKHE2590), only lsdB (pKHE1700), both lsdA (pKHE2590) and lsdB (pKTVE1700), were prepared. The lsdA and lsdB genes were coexpressed within the same E. coli cell under the control of the lac promoter. As a reference, the genes were expressed separately within the other cell. In each individual case the cells were grown aerobically at 37 C in 500 ml of L-broth (Bacto Tryptone, 10 g; Bacto Yeast Extract, 5 g; sodium chloride, 5 g per liter of deionized water, pH 7.4) containing 100 mg/ml ampicillin and/or 170 mg/ml of chloramphenicol in 3-liter flasks. We prepared eight flasks for each E. coli having pKHE2590 or pKHE1700 and 16 flasks for E. coli having both pKHE2590 and pKTVE1700. After 12 h of cultivation, IPTG was added to a final concentration of 2 mM to induce the lac promoter. After 4 more hours of shaking, cells were harvested by centrifugation. Cells were suspended in 20 mM sodium phosphate buffer (pH 7.5) and disrupted by ultrasonication with a Branson Sonifier B-15. Then the mixtures were centrifuged at 20;000 Â g. The LSD activity was assayed at 30 C in 1 ml of 50 mM Tris-HCl buffer (pH 8.5) containing a suitable amount of enzyme solution. The enzyme reaction was started by addition of the substrate, 4,4 to a final concentration of 50 mM. Enzyme activity was estimated by the increase in absorbance at 360 nm or 338 nm. The resulting 100 ml of cell-free extracts, which came from eight liters of medium, were put on a DEAEToyopearl 650C (Toyopearl series were purchased from Tosoh, Tokyo) column (2:6 Â 20 cm) equilibrated with 20 mM sodium phosphate buffer (pH 7.5). The column was washed with the same buffer. The proteins were eluted with a linear gradient of sodium chloride (0-500 mM in 1 liter of the buffer). Forty fractions, 20 ml each, were collected. The active fractions (F20-26) were diluted three-fold and chromatographed on a QAEToyopearl 650C column (2:6 Â 60 cm) equilibrated with the same buffer without salt. The proteins were eluted with a linear gradient of sodium chloride from 50 to 450 mM in 2 liters of the same buffer, and ninety fractions of 20 ml were collected.
In the case of separate expression, only two groups of LSD active fractions corresponding to LSD-I and -III were observed (data not shown). In contrast, in the case of coexpression, newly formed LSD active fractions appeared between the active fractions of LSD-I and -III (Fig. 1) . According to the retention volume, that was thought to be LSD-II. These chromatographs indicated that aggregates of the subunits of LSD were not dissociated to monomers by ultrasonication, and that free monomers might not exist (or might exist below detection limit). These fractions were collected and further purified by hydrophobic chromatography. Ammonium sulfate was added to the active fractions (F55-59) to a final concentration of 700 mM, and then the enzyme solution was put on a Butyl-Toyopearl 650M column (2:6 Â 10 cm) equilibrated with the same buffer containing 700 mM of ammonium sulfate. The elution was done with a linear gradient of ammonium sulfate from 650 mM to 150 mM in 600 ml of the same buffer. Each fraction volume was 5 ml. The active fraction (F23) was analyzed by RP-HPLC (TSKgel Phenyl-5PW RP, 4:6 Â 75 mm, Tosoh, Tokyo). The analytical conditions were mentioned previously. 6) As shown in Fig. 2 , two peaks were recognized. The molar absorbance coefficients estimated from the amino acid The and subunits were well separated by RP-HPLC. The subunit was eluted first. The molar absorbance coefficients were 67,840 () and 82,850 ().
compositions were 67,840 () and 82,850 (). The former and larger peak responded to the subunit, and the later and smaller one to the subunit. This indicates that one molecule of the subunit engaged one molecule of the subunit. Consequently, the second active fractions of QAE chromatography correspond to LSD-II. A small amount of contaminants was observed in the RP-HPLC analysis, and so further purification was done. The active fractions (F42-54) were dialyzed against 1 mM potassium phosphate buffer (pH 6.8) and put on a hydroxyapatite (Gigapite, purchased from Toagosei Chemical, Tokyo) column (1 Â 2 cm) equilibrated with 1 mM potassium phosphate buffer. The proteins were eluted with a linear gradient of potassium phosphate from 1 to 25 mM in 200 ml. The active fractions were collected. Native polyacrylamide gel electrophoresis was done on a 10% polyacrylamide gel in the electrophoresis buffer (Tris, 6 g; glycine, 28.8 g per liter of deionized water). One LSD isozyme was clearly distinguishable from other LSD isozymes on native PAGE. After electrophoresis, the protein bands were stained with Coomassie Brilliant Blue R-250. The finely purified enzyme was identical to native LSD-II from S. paucimobilis TMY1009, not to LSD-I or -III (Fig. 3) . The specific activities of cloned LSD-II were 40 nkat/g for 4,4 0 -dihydroxy-3,3 0 -dimethoxystilbene and 35 nkat/g for 4,2 0 -dihydroxy-3,3 0 -dimethoxy-5 0 -(2 0 carboxyvinyl)stilbene. LSD-II might be generated only when the and subunits are expressed simultaneously in the same cell, not when they are expressed in the individual cells and disrupted together by ultrasonication, and not when they are purified together in the several purification steps.
The N-terminal amino acid sequences of the and subunits, from Gly 37 to Leu 158, are highly conserved. It is possible that the highly conserved region is essential for the activity of all LSD isozymes or the formation of the dimer of the and/or subunits. Whether this highly conserved region is common in all LSD subunits, or specific to only the and subunits, is very interesting. To elucidate this point, cloning of LSD isozyme IV () is ongoing. Although the and subunits made heterogeneous dimer, it is questionable whether the subunit is able to participate in heterogeneous dimers, i.e., or . No trace of an other dimer thought to be or was detected through QAE or DEAE anion-exchange column chromatography any number of times in the purification sequences. Fig. 3 . Identification by Native Polyacrylamide Gel Electrophoresis.
lanes nI, nII, and nIII, native LSD-I, II, and III from S. paucimobilis TMY1009 respectively. lane cII, cloned LSD isozyme.
